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Cytoplasmic streaming is active transport widely
occurring in plant cells ranging from algae to
angiosperms. Although it has been revealed that
cytoplasmic streaming is generated by organelle-
associated myosin XI moving along actin bundles,
the fundamental function in plants remains unclear.
We generated high- and low-speed chimeric myosin
XI by replacing the motor domains of Arabidopsis
thaliana myosin XI-2 with those of Chara corallina
myosin XI and Homo sapiens myosin Vb, respec-
tively. Surprisingly, the plant sizes of the trans-
genic Arabidopsis expressing high- and low-speed
chimeric myosin XI-2 were larger and smaller,
respectively, than that of the wild-type plant. This
size change correlated with acceleration and decel-
eration, respectively, of cytoplasmic streaming. Our
results strongly suggest that cytoplasmic streaming
is a key determinant of plant size. Furthermore,
because cytoplasmic streaming is a common sys-
tem for intracellular transport in plants, our system
could have applications in artificial size control in
plants.
INTRODUCTION
Cytoplasmic streaming velocity varies among species and cells,
ranging from 1 to 70 mm 3 s1. It directly reflects the velocity of
myosin XI because cytoplasmic streaming is generated by
organelle-associated myosin XI sliding along actin cables (Shim-
men and Yokota, 2004; Yamamoto, 2008). The molecular prop-
erties of higher plant myosin XI have been extensively studied
using tobacco 175 kDa myosin XI purified from cultured tobacco
BY-2 cells (Tominaga et al., 2003; Yokota et al., 1999). Electron
microscopy has revealed that tobacco 175 kDa myosin XI is
morphologically similar to animal myosin Va. An in vitro motility
assay showed that the velocity of tobacco 175 kDa myosin XI
is approximately 5 mm 3 s1, which is consistent with the cyto-
plasmic streaming velocity observed in higher plant cells and isDevelopme10-fold faster than that of myosin Va (Mehta et al., 1999; Tomi-
naga and Nakano, 2012).
Arabidopsis possesses 13 myosins in the class XI family
(Reddy, 2001). Gene knockout studies have revealed that
several myosin XI members (XI-1, XI-2, XI-B, XI-I, and XIK) are
responsible for movement of organelles such as the endo-
plasmic reticulum, Golgi stacks, peroxisomes, andmitochondria
(Peremyslov et al., 2008, 2010, 2012; Prokhnevsky et al., 2008;
Ueda et al., 2010). Simultaneous knockout of these myosin XI
members leads to growth defects concomitant with reduction
in cell size and delays flowering, suggesting that cytoplasmic
streaming is a key system in plant development (Ojangu et al.,
2012; Peremyslov et al., 2010; Prokhnevsky et al., 2008). Among
thesemembers, XI-2 and XI-K are considered themajor myosins
providing the motive force for cytoplasmic streaming (Peremy-
slov et al., 2008; Ueda et al., 2010).
Cytoplasmicstreaming incharaceanalgal (Charophyceae)cells
is an order of magnitude faster (approximately 70 mm 3 s1)
than that in higher plant cells. The velocity of Chara corallina
myosin XI measured by an in vitro motility assay is up to approx-
imately 50 mm 3 s1, which is among the fastest motor proteins
known (Higashi-Fujime et al., 1995; Yamamoto et al., 1994). This
high velocity is attributed to high ATPase activity and fast
ADP dissociation from the actin-myosin complex (Ito et al.,
2003, 2007, 2009). Because Chara internodal cells grow very
large in size (>10 cm), this fast cytoplasmic streaming is specu-
lated to be necessary for diffusion of nutrients, metabolites,
cell-wall precursors, and plant hormones throughout the cell
(Verchot-Lubicz and Goldstein, 2010). Although this raises the
possibility that plant cell size is intimately related to cytoplasmic
streaming velocity, this is difficult to elucidate using conventional
methodology such as gene knockout.
RESULTS
Molecular Design of Chimeric Myosin XIs
To reveal the role of cytoplasmic streaming velocity in plant
development, we genetically developed high- and low-speed
chimeric myosin XIs by replacing the motor domain of Arabidop-
sis myosin XI-2 with that of the fastest Chara myosin XI or the
slower human myosin Vb (Watanabe et al., 2006) (Figure 1A)
and transformed them into Arabidopsis. The chimeric myosin
XIs were designed such that they carried the same organellesntal Cell 27, 345–352, November 11, 2013 ª2013 Elsevier Inc. 345
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Figure 1. Development and Evaluation of
High-Speed and Low-Speed Myosin XI-2
(A) Schematic diagrams showing Chara- and
human-Arabidopsis chimeric myosin XI-2 (high- and
low-speed myosin XI-2, respectively). High- and
low-speed myosin XI-2 were constructed by fusing
the N-terminal region including the motor domain of
Chara myosin XI and human myosin Vb with the
neck and tail region of Arabidopsis myosin XI-2,
respectively.
(B) Sliding velocity of actin filaments on wild-type
myosin XI-2-, high-speed myosin XI-2-, and low-
speed myosin XI-2-coated surfaces at 25C (mean ±
SD, n = 30). See also Movie S1 and Table S1.
(C) Localization of GFP-fused wild-type and high-
and low-speed myosin XI-2 in protoplasts of
Arabidopsis cultured cells. The scale bar represents
10 mm. See also Movie S1.
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Function of Cytoplasmic StreamingasArabidopsismyosin XI-2 butmoved faster or slower. Thus, the
tail domain of each chimeric myosin XI was derived from that of
Arabidopsis myosin XI-2 to sustain binding ability to specific
organelles in Arabidopsis cells. Motor domains of chimeric
myosin XIs were derived from that of Chara myosin XI or human
myosin Vb because myosin velocity is mainly determined by
motor domain activity. Furthermore, the neck domain was
derived from that of Arabidopsis myosin XI-2 because an asso-
ciation between specific light chains and this domain is critical
for movement and regulation of myosin XI (Tominaga et al.,
2012). The boundary between Chara myosin XI and Arabidopsis
myosin XI-2 in the chimeric myosin was designed to be just
upstream of the light-chain binding site so that velocity of
chimeric myosin became as fast as possible (Seki et al., 2004).
Velocity of Chimeric Myosin XIs
To confirm the velocity generated by chimeric myosin XI-2, high-
speed Chara-Arabidopsis chimeric myosin XI-2 (high-speed
myosin XI-2), low-speed human-Arabidopsis chimeric myosin
XI-2 (low-speed myosin XI-2), and wild-type myosin XI-2 were
individually coexpressed with Arabidopsis calmodulin (putative
light chain of myosin XI-2) in High Five insect cells and purified.
Actin sliding velocities on myosin XI molecules were measured
using an in vitro motility assay. The velocity of wild-type myosin346 Developmental Cell 27, 345–352, November 11, 2013 ª2013 Elsevier Inc.XI-2 was 7.2 ± 0.5 mm 3 s1, which was
consistent with the velocity of cytoplasmic
streaming. In contrast, high-speedmyosin
XI-2 (16.0 ± 0.9 mm 3 s1) and low-speed
myosin XI-2 (0.19 ± 0.02 mm 3 s1) were
2.2-fold faster and 35-fold slower than
wild-type myosin XI-2, respectively (Fig-
ure 1B; Movie S1; Table S1 available
online). The velocity of high-speed myosin
XI-2 was slower than the native Chara
myosin XI probably because of the ineffi-
cient interaction between the converter
and light chains in chimeric myosins
(Trybus et al., 1998). Although there may
be room for some improvement in high-
speed myosin XI-2, these results showthat the molecular design of high- and low-speed myosin XIs
is appropriate for generating higher and lower speeds than
wild-type myosin XI-2, respectively.
Localization and Movement of Chimeric XIs in Cultured
Cells
The effects of high- and low-speed myosin XI-2 on intracellular
movement were visualized by transiently expressing GFP-fused
chimeric myosin XI-2 in protoplasts of Arabidopsis cultured cells
driven by the CaMV 35S promoter. Thus, GFP-wild-type, GFP-
high-speed, and GFP-low-speed myosin XI-2 exhibited similar
localization on dotted or membranous structures (Figure 1C),
suggesting that both chimeric myosin XI-2s transport the same
organelles as wild-type myosin XI-2 in plant cells. In addition,
time-lapse imaging revealed that the organelles bound with
high- and low-speed myosin XI-2 moved faster and slower
than those with wild-type myosin XI-2, respectively (Movie S1),
which is consistent with the in vitro results and demonstrates
the effectiveness of chimeric myosin XI-2s on the velocity of
organelle transport in vivo.
Effects of Chimeric Myosin XIs on Plants
GFP:Wild-type, GFP:High-speed, and GFP:Low-speed Myosin
XI-2 with a myosin XI-2 native promoter (ProXI-2) were
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Figure 2. Transgenic Plants Expressing
Wild-Type, High-Speed, and Low-Speed
Myosin XI-2
(A) Wild-type plant, wild-type myosin XI-2/xi-2
(wild-type lines A and B), high-speed myosin XI-2/
xi-2 (high-speed lines A and B), low-speed myosin
XI-2/xi-2 (low-speed lines A and B), and xi-2 after
30 days of culture. The scale bar represents 5 cm.
(B) First leaves of 25- to 30-day-old plants. The
scale bar represents 10 mm.
(C) Leaf area and petiole length of first leaves
(mean ± SE, n = 30). *p < 0.05 by Student’s t test
compared to wild-type plant. See also Table S1.
(D) Cytoplasmic streaming velocity in epidermal
cells of the first leaf petiole at 25C (mean ± SE,
n = 50). *p < 0.05 by Student’s t test compared to
wild-type plant. See also Movie S2 and Table S1.
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(xi-2) to examine the effects of chimeric myosin XI-2 in plants.
We prepared two independent homozygous T3 lines (lines A
and B) for wild-type and high- and low-speed myosin XI-2/xi-2.
At 30 days after planting, leaf size was larger in high-speed
myosin XI-2/xi-2 and smaller in low-speed myosin XI-2/xi-2
compared with those of the wild-type plant, wild-type myosin
XI-2/xi-2, and xi-2 (Figure 2A). Fully expanded first rosette leaves
of 25- to 30-day-old plants were examined as an index of leaf
size to quantify the size enhancement of leaves (Horiguchi
et al., 2006) (Figure 2B). We performed statistical analyses on
30 leaves from 15 independent plants per line (Figure 2C; Table
S1). The leaf areas of high-speed lines A and B were 45% and
38% larger and low-speed lines A and B were 26% and 20%
smaller than those of the wild-type plants, respectively. PetioleDevelopmental Cell 27, 345–352, Nlengths of high-speed lines A and B
were 26% and 17% longer and low-
speed lines A and B were 62% and 58%
shorter than those of wild-type plants,
respectively. Such size differences were
not observed not only in wild-type myosin
XI-2/xi-2 but also in xi-2, as reported pre-
viously (Prokhnevsky et al., 2008).
Effects of Chimeric Myosin XIs on
Cytoplasmic Streaming
Because the degree of size change was
similar between lines A and B, line A
was used for further analyses. GFP-wild-
type, GFP-high-speed, and GFP-low-
speed myosin XI-2 expression was
detected by both RT-PCR and immuno-
blotting (Figure S1). Epidermal cells of
the first leaf petiole were observed to
confirm the effects of high- and low-
speed myosin XI-2 on cytoplasmic
streaming velocity (Figure 2D; Movie
S2). Continuous fast movement of cyto-
plasm was observed in the epidermal
cells of wild-type plants at a maximal
velocity of 4.3 ± 1.0 mm 3 s1, which
was comparable to the cytoplasmic streaming velocity in higher
plant cells. In contrast, streaming velocity in xi-2 decreased to
1.0 ± 0.3 mm 3 s1, suggesting that myosin XI-2 is the primary
motive force whereas other myosin XI members redundantly
participate in cytoplasmic streaming in epidermal cells of the
petiole. Cytoplasmic streaming velocity was restored to the
wild-type plant level by wild-type myosin XI-2 expression in
xi-2 (4.5 ± 1.0 mm 3 s1). Moreover, high-speed myosin XI-2
expression in xi-2 showed that streaming velocity increased to
7.5 ± 1.2 mm 3 s1, which was 1.7-fold faster than that in wild-
type plants. In contrast, no continuous streaming was observed
by low-speed myosin XI-2 expression in xi-2, which was
probably caused by low-speed myosin XI-2 acting as a brake
for cytoplasmic streaming. Namely, low-speed myosin XI-2
would act as a load and impair the motility of other redundantovember 11, 2013 ª2013 Elsevier Inc. 347
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Figure 3. Effects on Plant Growth
(A) Wild-type plant, wild-type myosin XI-2/xi-2, high-speed myosin XI-2/xi-2,
low-speed myosin XI-2/xi-2, and xi-2 after 35 days of culture. The scale bar
represents 5 cm.
(B) Leave and shoot morphology of 35-day-old plants. The scale bar repre-
sents 5 cm.
(C) Plant height time courses for wild-type plants (gray), high-speed myosin
XI-2/xi-2 (red), and low-speed myosin XI-2/xi-2 (green) (mean ± SE, n = 8). *p <
0.05 by Student’s t test compared to wild-type plant.
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348 Developmental Cell 27, 345–352, November 11, 2013 ª2013 Elswild-type myosin XI members on the same organelle. Then,
cytoplasmic streaming velocity decreased to 0. The different
effects between xi-2 and low-speed myosin XI-2/xi-2 on plant
size could be explained by a threshold effect of cytoplasmic
streaming velocity on plant development. These results show a
direct correlation between the velocity of myosin XI-2 and that
of cytoplasmic streaming in plants.
Effects of Chimeric Myosin XIs on Plant Growth
Shoot height and leaf size of high- and low-speed myosin XI-2/
xi-2 35 days after planting were different from those of wild-
type plants (Figures 3A and 3B). Plant heights of high- and
low-speed myosin XI-2/xi-2 were greater and less and bolting
time was 2–3 days earlier and later, respectively, compared
with that of wild-type plants (Figure 3C). Dry weight (aerial parts
from 35-day-old plants) of high- and low-speed myosin XI-2/xi-2
was 44% heavier and 22% lighter than wild-type plants, respec-
tively (Figure 3D; Table S1). The total number of leaves produced
before flowering was measured to determine whether early or
late bolting was due to differences in flowering time or growth
rate. Total leaf number was not different between high- and
low-speed myosin XI-2/xi-2 or wild-type plants, suggesting
that high- and low-speed myosin XI-2/xi-2 exhibit early and
late growth rather than early and late flowering, respectively (Fig-
ure 3E; Table S1). Unlike in the shoot, little effect of high- and
low-speed myosin XI-2 on roots was observed. Root lengths of
7-day-old high-speed myosin XI-2/xi-2 and low-speed myosin
XI-2/xi-2 were not significantly different from that of wild-type
plants (Table S1). As reported previously, expression of other
myosin XI members (XI-1, B, F, H, I, and K) in Arabidopsis root
has been suggested from DNA microarray data (Peremyslov
et al., 2011).We also confirmed this by promoter-GUS assay (un-
published data). It might be that these myosin XI members other
than myosin XI-2 are responsible for the root development, or it
might be that effects of cytoplasmic streaming velocity on devel-
opment are different between aerial and underground parts of
plants. Knockout of the myosin XI-2 gene causes considerable
defects in root hair elongation (Peremyslov et al., 2008). We ob-
tained the same result; namely, maximum root hair length of xi-2
and low-speed myosin XI-2/xi-2 was 20% of that of wild-type
plants. Expression of wild-type myosin XI-2 and high-speed
myosin XI-2 in xi-2 restored root hair lengths equally, suggesting
that different factors limit tip growth rate other than cytoplasmic
streaming velocity (Table S1).
Effects of Chimeric Myosin XIs on Cell Size
The sizes of mesophyll cells of the first leaf blade (Figure 4A) and
epidermal cells of the first leaf petiole (Figure 4B) were measured
to confirm whether the leaf size difference was due to a differ-
ence in cell size or cell number. The mesophyll cell area of
high-speed myosin XI-2/xi-2 and low-speed myosin XI-2/xi-2
was 47% greater and 20% less than that of wild-type plants,(D) Dry weight (aerial parts from 35-day-old plants) for wild-type plants (gray),
high-speed myosin XI-2/xi-2 (red), and low-speed myosin XI-2/xi-2 (green)
(mean ± SE, n = 8). *p < 0.05 by Student’s t test compared to wild-type plant.
(E) Total number of leaves produced before flowering (mean ± SE of 10–20
plants).
See also Table S1.
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Figure 4. Cell Size and Number
(A) Mesophyll cells of the first leaf blade from wild-type plants (left), high-speed myosin XI-2/xi-2 (middle), and low-speed myosin XI-2/xi-2 (right). The scale bar
represents 50 mm.
(B) Epidermal cells of the first leaf petiole from wild-type plants (upper), high-speed myosin XI-2/xi-2 (middle), and low-speed myosin XI-2/xi-2 (lower). The scale
bar represents 100 mm.
(C) Mesophyll cell area of the first leaf blade (mean ± SE). *p < 0.05 by Student’s t test compared to wild-type plant.
(D) The number of cells per leaf (mean ± SE, n = 8). p > 0.1 by Student’s t test.
(E) Cell length of the first leaf petiole epidermal cell (mean ± SE). *p < 0.05 by Student’s t test compared to wild-type plant.
See also Table S1.
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mesophyll cells was not significantly different among wild-type
plants, high-speed myosin XI-2/xi-2, and low-speed myosin
XI-2/xi-2 (Figure 4D; Table S1). The epidermal cell length of
high-speed myosin XI-2/xi-2 and low-speed myosin XI-2/xi-2
was approximately 24% greater and 36% less than that of
wild-type plants, respectively (Figure 4E; Table S1). The ratio
was consistent with that of the petiole length (Figure 2C). These
results suggest that tissue size changes occurred because of a
change in cell size rather than cell number.
DISCUSSION
We generated high- and low-speed chimeric myosin XI-2s that
move faster or slower on actin filaments than wild-type myosin
XI-2 by replacing the motor domain of A. thaliana myosin XI-2
with those of C. corallina myosin XI or H. sapiens myosin Vb,
respectively. The chimeric myosin XI-2s can sustain binding abil-
ity to the same organelles as Arabidopsis myosin XI-2 because
they have the same tail domain. Then, we showed that high-
and low-speed myosin XI-2 expression in Arabidopsis increased
and decreased plant size and mass concomitant with accelera-
tion and deceleration of cytoplasmic streaming, respectively.
Although the possibility that another unknown function of myosin
XI-2 is to influence cell size has not been completely ruled out
from the present study, this proportional relation strongly sug-
gests that cytoplasmic streaming is one of the key regulatorsDevelopmedetermining plant cell size. This hypothesis is also supported
by previous reports: (1) myosin XI-2 is considered to be one of
the major myosin XI members that generate the motive force of
cytoplasmic streaming (Peremyslov et al., 2008; Ueda et al.,
2010); and (2) in a simultaneous knockout mutant of these mem-
bers, both plant development and organelle movement were
gradually impaired as the number of myosin XI knockouts
increased (Ojangu et al., 2012; Peremyslov et al., 2010; Prokh-
nevsky et al., 2008).
Many studies including molecular phylogenetic analyses have
suggested that an ancestor of land plants diverged from a line-
age of Charophyceae and moved onto land approximately 500
million years ago. Because Charophyceae grow underwater,
where the effect of gravity is less than on ground, they stand
and grow taller by enlargement of the cell size. To guarantee suf-
ficient material diffusion within the large cell, Charophyceae may
have developed fast myosin XI such as Chara myosin XI. In
contrast, after divergence, land plants stand and grow taller by
stacking a large number of smaller cells, like a skyscraper.
Thereby, they have acquired rigidity on the ground against
physical pressures not only from gravity but also wind and rain.
During this evolution, cytoplasmic streaming of land plants
would become slower, suitable for a smaller cell size. Expression
of high-speed myosin XI-2 in Arabidopsis, a type of reversion
of this evolution, showed enhanced plant cell size. The size
enhancement may be advantageous under artificial conditions
(e.g., growth chamber or incubation room) where the effect ofntal Cell 27, 345–352, November 11, 2013 ª2013 Elsevier Inc. 349
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Function of Cytoplasmic Streamingwind and rain is negligible. In contrast, it is not always advanta-
geous in a natural environment, because physical stimuli such as
wind and rain would bring about the falling down of the plant.
This result may lead to another interpretation: although land
plants have the potential to grow larger than the present size,
cytoplasmic streaming velocity defines the plant size suitable
for the environmental conditions where they grow.
Cytoplasmic streaming probably influences cell expansion via
diffusion of nutrients, metabolites, cell-wall precursors, and plant
hormones throughout the cell. Although the candidate molecule
and the underlying mechanism have not been identified yet, our
system using chimeric myosin XI will be a powerful tool to unveil
them. In addition, due to the effect of cytoplasmic streaming on
plant size, this systemcould be applied as a universal application
to artificially enhance or regulate plants because (1) cytoplasmic
streaming is a common event among plants and (2) the primary
structure from the motor to neck domain is highly conserved
among myosins. Thus, this system could be applied to growth
enhancement and regulation of useful plants related to crops
and biomass energy.
EXPERIMENTAL PROCEDURES
Growth Conditions
Plants were grown under controlled light conditions (50 mmol photons3m23
s1) on a 16 hr light/8 hr dark cycle at 22C with 70% relative humidity.
Plasmid Construction
Charamyosin XI cDNAwas cloned from total RNA ofC. corallina, as described
previously (Kashiyama et al., 2000). The cDNA of Arabidopsis myosin XI-2
(AT5G43900) was amplified from total RNA purified from Arabidopsis seed-
lings (7 days) and cloned into the pENTR-D-TOPO cloning vector using the
Directional TOPO Cloning Kit (Invitrogen). The cDNA for myosin Vb was pro-
vided by the Kazusa DNA Research Institute, Japan (KIAA1119). The cDNA
of Arabidopsis calmodulin (calmodulin 3; AT3G56800.1) was provided by the
RIKEN BioResource Center through the National BioResource Project of the
MEXT, Japan (Seki et al., 1998, 2002). The 3,000-nt-long sequence upstream
of the myosin XI-2 open reading frame start codon harboring its putative pro-
moter was amplified from theArabidopsis genome and cloned into the pENTR-
D-TOPO cloning vector. High- and low-speed myosin XI-2 were made by
fusing the region of the nucleotides encoding amino acid residues 1–742 of
Chara myosin XI and 1–764 of the myosin Vb heavy chain, respectively, to
the nucleotides encoding amino acid residues 735–1505 of the Arabidopsis
myosin XI-2 heavy chain. Wild-type and high- and low-speed myosin XI-2 in
the pENTR-D-TOPO cloning vector were transferred into pUGW0-sGFP using
an LR reaction for transient expression in protoplasts.
ProXI-2:sGFP:Wild-type, ProXI-2:sGFP:High-speed, and ProXI-2:sGFP:
Low-speed myosin XI-2 were constructed by triple-template PCR and subcl-
oned into the pENTR-D-TOPO cloning vector for expression in Arabidopsis.
Then, they were transferred into pGWB501 (Nakagawa et al., 2007). Wild-
type and high- and low-speed myosin XI-2 were introduced into pFastBac 1
(Invitrogen) for expression in insect cells (High Five). The FLAG tag and myc
tagwere fused to the N andC termini, respectively. For theArabidopsismyosin
light chain, Arabidopsis calmodulin (calmodulin 3) was also introduced into
pFastBac 1 because calmodulin is known to act as a light chain of plant myosin
XI (Tominaga et al., 2012).
In Vitro Analysis
Wild-type and high- and low-speed myosin XI-2 were coexpressed with Ara-
bidopsis calmodulin using the baculovirus-insect cells (High Five) system
and purified using anti-FLAG M2 affinity resin (Sigma). The velocity of myosin
XI was measured using an antibody-based version of the in vitro motility assay
under the experimental conditions of 150 mM KCl, 4 mM MgCl2, 25 mM
HEPES-KOH (pH 7.4), 3 mM ATP, and 10 mM DTT with an oxygen scavenger350 Developmental Cell 27, 345–352, November 11, 2013 ª2013 Elssystem (120 mg/ml glucose oxidase, 12.8 mM glucose, and 20 mg/ml catalase)
at 25C (Ito et al., 2007, 2009). Average sliding velocities were determined by
measuring the displacement of rhodamine-phalloidin-labeled actin filaments
that were smoothly moving for distances of >10 mm.
Transient Expression in Protoplasts
Transient expression of GFP-fused wild-type and high- and low-speedmyosin
XI-2 in protoplasts of Arabidopsis suspension cultured cells was performed as
described previously (Ueda et al., 2001). In brief, 2 g of cultured cells was incu-
bated in 25 ml of enzyme solution (0.4 M mannitol, 5 mM EGTA, 1% cellulase
R-10, and 0.05%pectolyase Y-23) for 1–2 hr at 30C and filtered through nylon
mesh (125 mmpore). The protoplasts were washed twice with 25 ml of solution
A (0.4 M mannitol, 70 mM CaCl2, and 5 mM MES-KOH [pH 5.7]) and resus-
pended in 1 ml of MaMg solution (0.4 M mannitol, 15 mM MgCl2, and 5 mM
MES-KOH [pH 5.7]). After addition of 20 mg of plasmid and 50 mg of carrier
DNA to 100 ml of protoplast solution, 400 ml of DNA uptake solution (0.4 M
mannitol, 40% polyethylene glycol 6000, and 0.1 M Ca[NO3]2) was added.
The protoplasts were incubated on ice for 20 min and then diluted with
10 ml of dilution solution (0.4 M mannitol, 125 mM CaCl2, 5 mM KCl, 5 mM
glucose, and 1.5 mM MES-KOH [pH 5.7]). The collected protoplasts were re-
suspended in 4ml of Murashige and Skoogmedium containing 0.4 Mmannitol
and incubated with gentle agitation at 23C for 16 hr in the dark.
Confocal Laser Scanning Microscopy
GFP fluorescence in cells was detected by spinning disk confocal laser scan-
ning microscopy (CSU10; Yokogawa) equipped with a high-resolution CCD
camera (ORCA-AG; Hamamatsu Photonics) and processed using iVision
Mac software (BioVision Technologies).
Plant Transformation
ProXI-2:sGFP:Wild-type, ProXI-2:sGFP:High-speed, and ProXI-2:sGFP:Low-
speed myosin XI-2 in pGWB501 were transformed into the Agrobacterium
tumefaciens strain GV3101::pMP90 by electroporation using a Gene Pulser
(Bio-Rad). They were then introduced into an Arabidopsis xi-2 knockout line
(SALK 055785; At5g43900) using the floral dipping method. Plants of the first
(T1) generation with resistance to hygromycin were selected. Homozygous T3-
generation plants were used for all experiments.
RT-PCR
To amplify and detect the mRNA transcripts of GFP-fused wild-type and high-
and low-speed myosin XI-2, total RNA was isolated from 7-day-old seedlings
of a transformant of homozygous T3 progeny. Two oligonucleotide primers, a
specific primer for GFP (GFP-F: 50-ATCACTCACGGCATGGACG-30 ) and a
specific primer for the Arabidopsis myosin XI-2 motor domain (XI-2-R:
50-TCTGATAAGTGACATCACCAGC-30), or the Charamyosin XI motor domain
(Chara-R: 50-GTATTCCACCTGTCCTGCAT-30) or human myosin Vb motor
domain (human Vb-R: 50-GACGATGATGAAGGCCGTGT-30) were used for
RT-PCR. The transgenic plants that harbored the GFP-fused wild-type and
high- and low-speed myosin XI-2 gene exhibited the corresponding mRNA
transcript, respectively.
Immunoblotting
Seedlings (7- to 14-day-old) were mixed with 15% (w/v) trichloroacetic acid
and ground in a glass pestle homogenizer on ice to detect GFP-fused wild-
type and high- and low-speed myosin XI-2 expression. The homogenate
was centrifuged at 10,000 3 g for 5 min. The pellet was suspended in 80%
(v/v) acetone and 25 mM Tris-HC1 (pH 7.5) and centrifuged at 10,000 3 g
for 5 min. This washing step was repeated twice. After the final wash,
100 mM Tris-HC1 (pH 6.8) was added gently to the pellet. After centrifugation,
the pellet was suspended in SDS-PAGE sample treatment buffer and allowed
to stand on ice for 15 min. After boiling for 3 min, the suspension was centri-
fuged at 10,000 3 g for 3 min. The supernatant was further centrifuged
at 15,000 3 g for 3 min, and the resulting supernatant was subjected to
SDS-PAGE. Then, the proteins were electrophoretically transferred to a
PVDF-nitrocellulose membrane (Immobilon-P; Millipore) at 120 mA for 5 hr.
The anti-GFP antibody (JL-8; Clontech) and anti-mouse IgG antibody conju-
gated to alkaline phosphatase (Sigma) were used as primary and secondary
antibodies, respectively.evier Inc.
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Cytoplasmic streaming was recorded under bright-field microscopy (Olympus
IX70) at 200 ms intervals (from five cells per plant line). The maximal velocities
of cytoplasmic streaming were determined by tracing the movements of large
cytoplasmic particles that were smoothly moving for distances of >1 mm using
ImageJ software (NIH) (ten particles were measured in each cell).
Dry Weight and Cell Size Measurements
Dry weight was measured by drying aerial parts of 35-day-old plants at 80C
for 10 hr. For cell size measurements, a fully expanded first rosette leaf was
fixed in formalin-acetic acid-alcohol and rendered transparent by incubation
in a chloral hydrate solution to measure the mesophyll cell area of the first
leaf blade and the epidermal cell length of the first leaf petiole (Tsuge et al.,
1996). Cells were photographed under a microscope equipped with Nomarski
differential interference contrast optics. Themesophyll cell area and epidermal
cell length were measured using ImageJ software.
SUPPLEMENTAL INFORMATION
Supplemental Information includes one figure, one table, and two movies and
can be foundwith this article online at http://dx.doi.org/10.1016/j.devcel.2013.
10.005.
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